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4 3;xperkients on, tile Influence 01: I -I,nve_ra, f .  
1 i 

Thoqgk we should o n l y  discuss experinental 2apers in  t h i s  chap- 
+' ter we could not but ldake some theo re t i ca l  considerations, too ,  Z o r  

according t o  the special. conditions iuider xhich this s m r y  is 
:. @ - e n ,  i.t; irust first satisfy: the requirement of  completeness - 

contrary to a text-book €or instance - i r respect ive qf the s t a t e  

- of  perfection o f  , the  subject  in 'question, It f a l l o w s  that  this 
survey would only be a l o o s e  enluiieraiicm o f  f a c t s  if'it were li- 
mited t o  the t e s t  r e s u l t s  alone i n  cases where we dispose of  
incomplete o r  even few testa -only, Here, the connection cars onl;f 
be foupd by means o f  theore t ica l  considerations, 

I 

, - I 

* For the subject t o  be treated there  results a divis ion into ~ 

1 
W e e  parts, Tiie first two pa r t s  deal with the raeans applied i'n 
order  t o  keep the flow la&.& .along. t-he - .  .@eatest.possibla p a r t  
of .%he surface: -tihe suitable choice of the shape of t h e  body which 
led t o  the  development o f  the so-called laniqar profiles i n  the 

.. case' of a e r o f o i l s ,  ani 01': tli? otherelland the reiuaval , o f  the 
boundary l ayer  u a t e r i z l  near the wa l3  by sucking o f f ,  The sens i t i -  

' yity 'of  the laxiinar boundary layer t a  disturbances o n  the surface 
of the  body will be discussed i n  the third.  seetisn, 

, 

" .  

- .  # 
We .need not discuss problems of experimental techniytle, since 

-no spec ia l  experimental methods were developed f o r  rr.easuring 
boundary layers:  Boundary layeks and transit ion points were laea- 
swed i n  the well-knowx way by rrieans o f  the. tota$-pessure tube, 
The measurement o f  the '  boundaqy l aye r  was often .completely re- 
2lounced and the wake behind %he body was measured insteQd-d This 

* =  

measurement i s  simpler and y ie lds  the drag f rom which a conclusion 
on the approx-te position of the t r a n s i t i o n  point can be drawn,, 

4 0 2  Q a i n t a h n g  the Laainar Conditions by means of the Shape 

, .  
. \  
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w , (Larninar Profiles), 

- 1  

' By H,Holsteino 
' .  . 5 .  

a. 

4e1"L' Survey and hn i t a t ion .  

The 'aim of reducing the resis tance of  the ae rp fo i l  as far as 
poss ib le  has occupied aerodynamic prof i le  research in recent years 
by the development of the so-called laminar prof i les ,  These are 
p rd f i l e s  for which the re'gion of the laminar bohndary layer f r o m  
the, &agnation point o f  the  t r ans i t i on  point was extended t o  a . 

grea tes t  possibly p a r t  of t he  su.rfStce,_We must not be surprized 
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that this new trend of developaent obtained its improvements w i b : :  

respect to resistance o n l y  with 'deteriorations of other important 
profile characteristics such as maximum lift and curve of moments, 
since the aerofoil already had beendeveloped to a high degree, 
This is the case at l e a s t  for.the test results obtained so far, 
Moreover the tufavowable fact that only about 116 of the resistaxke 
.saved acts as relative velocity inckease w i l l  be the reason 'why no 
very great atteation was paid to %he (development of laminar pro- 
files ia: Germany, The systematic experimental investigation of the 
conditions of keeping the boundary layer -of aerofoil profiles 
lamis'ar, therefore, is still in its firs6 stage whereas the ex- 
perimental investigation of the transition aid of its cause was 
not made at all, The following statexlentis, thdrefore, will be li- 
mited to indicate the laws of transition for laminar profiles by 
aeans of the available test results,.As to tCe study of the pro- 
perties of the laminar profile9.h view of the Cbax-behaviour, 
for dxample, witk'dwithout lift-increasing means, see ponograpph 
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Influence of the Position of the  Transition Point on the 
Besistance, 

The Possible Savings' of Resistance 

Before trea%ing the test results on lahinarfprofiies l e t  

0, 

(,Theoretical) 

us give a small theoretical discussion of the flat plate in paral- 
lel f low,  since it gives a good suxirey o n  the possiblelsavings of 
resistance obtained by keeping the laminar conditions to a greater 
extent, The Reynolds numbers R or Rcrit2 respectively, are defined. 
by means of the velocity of the lncident flow and the-chord of the 
plate o r  the laminar runding length up to the tiansition point, 
Xor-eover CD lam 
flow as far as its trailihg edge and C,, la;n, - 

is the drag coefficient of  a'plate with laminar 
is the drag 

0 

coefficient of a flat plate which has its transition point at the 

possible by some measures to increase the critical Reynolds number 
of the plate f rom RCrit 
transition point ZSOD its original p o s i t i o n  to the trailing edge 
of the pU$e0 The relative saving. of resistance. obtained by t h i s  

'point correspond- $0 Rcrit .Mow we assme that it would he 
0 

to R, in other woras to displace the 
0 

backward displacement is .then o t v i c b l y  given bJr ' 
n 

* 
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' It is. eas i ly  taken from Figel for the values R/ZCrid betiveen I 
.r- and- 100, Hen the  savings increase with' Increasing ibsc issa ;  i , e a  

it is  greater ,  the .grea te r  the part o f - t h e  plate-chord covered 
by the displacement of the t r ans i t i on  p o i n t -  The f a c t  .that the  

3 savings a l s o  increase for. a ' f i x e d  value of t h e  abscissa w i t  
- - .creasing Rcrit 
, - drag coeff ic ient  with increasing 3-nunber than t h a t  of  the 
: bul'ent; drag, and hence the r e l a t ive  differences between both', and - . with them the  posit ive savings;, increase & t k r  iacreasin 
.' 'the r e l a t ive ly  small c r i t i c a l  aeynolds number o f  0,5x10 for in- 

stance, we  save more than 50 per cent, ~f the resis tance i f  the.  
traqsition' point i s  displaced - from the centre o f .  the  plats t o  the 
tr9iling edge 

is  due- t o  the  stronger decrease o f  %he larnina 
0 

2,  With - 8 
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e 4,122 Pressure Distribu't;ion and Posi t ion of the  Transit$on Point, - 
. .Disposition o f  the Test Resul ts ,  

1 .  

'Jhereas the t rans i t ion  point of  the f la t  pla-te can be d i s -  
' placed backwards by means of a perfectzon of the surface only, we 

can obta in  t h i s . i n  the case o f  the aercrfoil'by a su i tab le  varia- 
c't.ion o f  the pressure distribution, t o o ,  This means was already 

recomended bx the well-known considerations of  s t a b i l i t y  (COD- 
. pare B 3 )  on prof i les  s k t h  laminar bouddary layers:  The laainss 

bplayrdary l aye r  is less sens i t ive  to-dist-krbances d u r j a g  the 'pres- ~ 

sure drop than during the pressure rise, Therefore the pressure .- 
mihima were displaced backwards on both s ides  o f  the prof i le  as 

the laminar f l o w Q ?  Fige2 shows'the pressure d is t r ibu t ion  of a usual  
symnettrical N R C A - p r o f i l e  (XACA 0010) [?] 13 per cent: i n  thick- 
ness as compared w i t h  tha t  o f ' a  symmetrical laminar prof i le  [4] of 

.r equal thickness, The 3.atteg has a -grea te r  backward posi t ion o f  
thickness and a smaller nose r a d i u s ,  Due t o  these a l t e r a t ions  the 

, pressure minimum i s  displgced backwards f r o m  about 5 pe r  cerit, t o  
about 60 par cent, of  the chord, 

f 

. 

- 1  

* . far as possible i n  order t o  obtain the longest possibly way of  
. 

.. 

, . 

I 

Based on the f a c t  t ha t  mainly the pressure d is t r ibu t ion  w i l l  
a f fec t  th8 posi t ion of  the t r ans i t i on  point,  the l a m i n a s  p rof i les  . 
were -developed. i n  d i f fe ren t  wa3s: 

1) The pressure d is t r ibu t ion  was given and the corresponding 
ProfUe shape was calculated a f t e r  one of the well-known methods [2]. 
2 )  The specia3,famil.y o f  3-0 u k o ~ry s k i'- prof i les  was taken 
89 a bas i s  for calculat ing su i tab le  pressure dis t r ibu t ions  by 
YaVinpF the  pbfi2.e parameters [?$  ?,, 231 - 

t 
' *  

v 



" 

' 33 BisyGetrical contours such as cixcular arc bi-angle [ I 9  F;]. . 
* .  

. * OF elli-pse [2, IO] tvere taken as a basis, They are  known to .have , 
e the pressure m i n i m u m  at. 50 per cent, of the cbord, 

4 )  The class of the P?ACA-prof i l e a  was syste&atically extended 
to'shapes with greater backward positions of m a x i m u  thickness and 
smailer nose r a d i i  [5$ 16& 

- . 5) The X a m i k  profiles which'had become -own f r o m  abroad 
, were tested and were taken in some cases as a basis for further 
' 

; the p r o f i l e  NACA 2721 5 the Mus-tang-profile [ B 9  9 ,  11 .18, 22, ' 

8 

. . *. - , I .- . .  
. 

-. 

development, These were t;he Japanese p r o f i l e  Toki5 *LEI 24 [?I I 

.~ 

* -  

& , t 2 j  Test -Results, e s p e c i a l 1 3  for'Symetrica1 Profiles in 
* . .  

d, . . -  
- .  

-- - Symmetrical ;4'low, ' - e  
- P  .r - .  - 

. .  
' were first investigated the measurenients generally iave the wanted 
'success with respect to the decrease of &sistance, The transition 

. For the R-numbers of few millions at which *these profiles 
~ 

points mostly l a y  in these cases .at 70 t o  80 per canto 

creased to &bout half the values of the usual 'profile, 

of the * 
- _  

p r o f i l e  -chord and correspondingly the drag coefficient CD 4e- . i 

I_ 

.5 . J. 

'!l!hi$-decrease of CD contiziuea even \;hen- &trene profile shaped 
were chosen eago with a* thickness of 15  per cent,,. a backward po- 
sition of thickness of 65 per cent , ,  and as angle of the trailing 
edge of 40' [TI, T'nis will' first be surprising on account of the 
tkrhulent boundary layer ,#-hichis probably very thick at the - 

trailing edge ?/e realize however that the t u b d e n t  boundary 
layer w i l l  quickly-increase a t  the transition point due t o  the 
great pressure rise ivhich in its turn decreases the skin friction, 
Since the relatively, great turbulent s k i n  friction shortly eter 
the' transition generally gives r ise  to the main p o r t i o n  of the. 
resistahce, a reduction o f  these stresses due to considerable 
pressure r ise  may even have a favourabXe effect, Such an effect 
was a o t u a l l y  stated by mearis of measuments  on profile shapes 
wh3ch were especially designed for this purpose i l2 ,  131 

which - f o r  given R-number and technically unobjectionable p-0- 

file surface - determines the behaviom o f  the laiuinar bouzdary 
layer, every kind of representation of the laminar properties by 

Since the pressure distribution is the essential property - 

c 

- -  
< *  

< *  
* .  
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means of unspecified profile parameters (for instance thickness, 
backward position of thickness; camber ets,) is incomplete, for 
they will at best determine the. pressure distribution of the special 
profile family in question, Let us mention for explanation that 
the contour of a +'profile family1* is represented by one formula rin 
which a more or less great number of parmeters remabs free, Re- 
vertheless we degend on such a representation if we want to g a ~ u  
a survey on the aerodynamic properties of the laminar pro f i l e s ,  
&loreover if not the absolute measuring values at least t he i r  va- 

riations with the profile parameters can be extended to other pro- 
ffl'e families, As w~ shall see.latsr on, we can restrict ourselves 
t o  symmetrical profiles without an essential limitation of the 
general validity, Only three Brof'ile parameters dec'isive for the 
laminar conditions remain in this caseo I 

,-. . 

# 

These are: 

, I  . 

8 

n 

c 

L 

8 

where 
The last mentioned profile parameter io called the nose coefficient 
and has been formed in such a way as to obtain always. the s w e  

is thickness, xt its position, and p H  the nose radiuso 
L 

1 

value for profiles of the same profile fanli ly with the sane back-. 
ward position of thickness, For the eilipse, for instance, its 
value i s  O,5, whereas for NACA-profiles it is 2,1,  

A2ar-k from uxzusual cases (sudden curvature change the proI"ile 
contour!p compare section 4 , 3 )  the drag coefficient for symmetrical 
'profPles is smallest hor symmetrical' incident flow, Here the sum 
of the laminar ways on the upper and lower sides has its maximum 
value, Hence the test results of a series of symmetrical prof i l e s  
in symmetrical flow and with constant &number can, depend on the 
three above-mentioned papmeters on ly ,  The only measuring ser i e s  
which is great enough f o r  such a conaideration was made with gro- 
f i l e s  of enlarged NACA-systenatics [3] 
ficients are plotted against the backward position of thickness, 
and measuring points associated to profiles with t h e  same thickness 
and the same nose coefficient are connected by curveso The various 
prof i le  thicknesses a r e  marked by various plottings of the points 
and the nose coefficients by different plottings. of the lines, 
The increase of CD with the  profile thickness in the case of 
con8taa.t nose coefficient and backward position of thickness i s  

due to the th i ck  ,enint; of the turbvJspt Foundayy l ayer  tan the rear 

The measured drag coef- 
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. part. of' the profile; f o r .  the transition point will not move 

l e r  nose'coefficients we observe a considerable decrease of C 
with increasing backward position of thickness, This is due to the 
prolongation of the laminar boudary layer* Thia is no longer the 
case, however, f o r  the usual nose coefficien3. 1 ,I of ITACA-profiles, 
In at leas$ 2 of the f o u r  indicated cases the most favourable 

- backward pogition of the thickness is below 50 2er cent, of the 

conside,rably in this case, For the pwfiles i3:ith the three snial- 4 

I) . 
5; 

chard, Hence it lis indispensable if we want t o  d e v e l o p  a p r o f i l e  
with a pronounced laminar effect f rom a standard grofile, to de- 
crease the  nose radius as well  as to displace the maxiuun thickA 

of maximum lift, we shall naturally try t o  nwage vzith a miniinurn 
reduct ion  of the nose radius, 

4*124 The Laminar Effect and the Range of Lift, Influence of 

I 

. _ .  ness backwards, Since this is necessarily connected with a loss 

I 
the Profile Camher, 

The pressure Gistribution being of decisive influence on 
-the position of the transition point, great backward positions of 9 

th& Latter can exist in a SL-rage only in which no considerable 
sub-pressure 2esks were  found near the noseo According t o  the 
available nieasurernents this was generally the 'case in a range 

CL 0.,2 to 0,3 f o r  not too s m a l l  nose*radii. Fige4 shows a 
atriking example f o r  the position of the transition point and the 
drag coefficient, It refers to the laminar profile indicated in 
FigoZ [4] 

i? / 

For the same reason we can suppose that  the.CL-range of great 
backward 'positions of the transition p o i n t  lnoves towards higher 
C,-values with increasing camber, As is sho-m by the measurements, 

JJ 141, this CL q n g e  always lies on bath sides of the entry without 
shock waves, i,eo of the CL-value f o r  which the qtagnation point 
l i e s  at the'point of intersection of the skeleton line with the 
contour of the profile, Xoreover the transition point o r  t1i3 suc- 
t i o n  side move3 forwards more gradually in the case of c a i e r e d  

the influence of thz camber on the position 'of the transition p0ir.t 
enables2 uq to restrict the investigations on laninar profiles to 
symmetrical profiles which is obviously an essential siqlifica- 
tion, 

profiles than in the case of the symmetrical profile, x.'- of 1. 

L " 

*) whereas the motion of the pressure s i d e  renztins sudd6n [4]* 
This knowleda~ 
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'-44013 Influence of the Posit ion of  the Transition Point on ' t he  L k f t ,  _ . -  

,Ye have so far discussed o n l y  the influen& o f ' t h e  p o s i t i o n  
- *  

of the t ransi t ion p o i n t  on the res i s tancea  .The desired- great back- 
. ward posit ions of  the t r ans i t i on  point could only.be niaintained i n  
a r e l a t ive ly  small CL-ra.ngeb A t -  the l i o t i t s  of  t h i s  -range the tran-- 
sition 2 o h - t  began %a m v e  forwards more o r  less quickly on one of  

- the pro f i l e  sides,  T h i s  forward movement has an unfavourable in- 
fluence on the  -lift, I n  o r d e r  t o  explain t h i s  l e t  us again f*s% 

- 
i, 

T I 

% - .consider .the f la t  plate ,  
. -  

4 ., 
- c= 
40?31 The " L i f t  Jugp'' on .the FlaZ Plate ,  

We a-sswe spmetr ica l ' f low and  the boundary layer on both . 

sides  of  the p la te  %o be laainar up-t.0 the trail ing-edge, Let us 
. ~ l aa inz r  thickness- of displacenieht on both s ides  o f  the t r a i l i n g  
- - edge he 

' 

' of incidence i n  the one or the other diredt ion which will n o t  cop- 
siderably vary the pressure d i s t r ibu t ion  o f . t h e  potent ia l  f low,  the 
t r ans i t i on  p o i n t  jumps on-the respective suction sid'e t o  the 
leading edge of t h e  plate,  

d, (compare Fig05, case * ( b ) )  With a very s m a l l  angle 

. ., 

A t - t h e  trailing edge o f  the  respective suction side there  
* w i l l  then be the - mostly much greater - *h ichess  of  diS@aCeIn~.Xl'% 
' ofz the .turbulent boundary layer  hIt (case (a)-and {c) of Fig,5)Q 
The mean point o f  departure o f  the streamlines for d i f f e ren t  th i ck -  

and d i s  0',5 (61%-a.dll} above or-- It. l t  
'below the %railing edge,of the plate ,  Thus a s m a l l  angle of incidencz 
,aindO- 0,5 ( ~ l t ~ - ~ , l ~ )  is inducedo If the plate now passes a t  
a= 0 the conditkons ( a ) , .  (b), ( c )  o f  Fig05 o&? a f t e r  another 

' starting v & t h  negative kn&- endwing with posit ive angles on inti-) 

'dence, the e f fec t ive  angle of incidence nakes a jump amounting t o  

* I ?indo 
= o u t i n g  . t o  A C  = 43taindb, and the l i f t '  coeff -9 ic ignt  plotted against 
the geometrical angle of incidence is represented by Fig0,5  (d lO-  
Using the vmll-known Biasius fornula f o r  the  l aa ina r  and the tur- 
bulent t h i c h e s s  03 .displacement st the  t r a i l i n g  edge, we obtain 
'the relation- 

. nasses of displacement d 

Prom t h i s  r e s u l t s  a jump o f  the l i f t  coeff ic ient  ZL 

L 

_. 

, \  . .  
" - 

A C ,  = 0,29 R- Oo2 -'10,9 e R- 065 
k - - 

. f o r  the " l i f t  juinp" as we shall briefly c a l l  i,L, 



c - .  * "  - * .  

. ,  - 
" . -  . ,  ~ 

. -  - . . _ _ . .  
* -  

k g 9 6  shows the  l i f t  jump p lo f t ed  against  the  Rep io lds  number - .  
. .  

s 
o f * t h e  p la te  according t o  t h i s  f o r r d a ,  A s  i s  seen., t h e - l i f t  jump 
at the flat pla te  is not very great. The naximum value i s  about 

With increasing R-number 
-dC, decreases only slowly and hence the R-numbers, nowadays usual 
for-aeroplanes,  remain i n  the range of the maximum. Below the R- 

t 

t o  zeroo Negative values'of bCL &re unimportant, since according 
t o  experience the boundary layer on the p la te  is n o t  ye t  turbulent .( 

f o r  'the associated shall R-numbers, 

- 40132 The " L i f t  Jump't f o r  Prof i les ,  

6 
' 0,008 and corres2onds t o  about R = 3x10 

.t 

' numbers of the raaximwn the value of the l i f t  jump quickly drops. 

. 

. .  * 

.. 

./- As i s  seen aboxe, the l i f t  jwllp'neee-ssariljr is inrJoLved by 
the  mbvernents of the t rans i t ion  points i f  these movements do n o t  
run at  the  same time and i n  the same sense, Since the movements 
of the t r ans i t i on  points, however, do  not run i n  the same sense . 
when chadging the angle of incidence, . a l l  laminar prof i les  have a 
lift j'lmp, too.  This l i f t  jump is  often considerably greater for 
prof i les  o f  f i n i t e  thickness than f o r  the f l a t  plate ,  This  i s  due 
t o  the fac t  tha t  the turbulent boundary layer  -extends during pres- 
&re r i s e  by a far g rea t e r  p a r t  up t o  the t r a i l i n g  edge than the 
Uminar one and thus contrary t o  .the f la t  p la te  the mean point cf 
departure -'of the streamlin'es i s  addi t ional ly  displaced towards the 
suction s ide due t o  the  pressure r i s e ,  

II 

* 

Fig,? shows'the lift jumps of some s y m e t r i c a l  laminar pro- 
f i l e s ,  The symmetrical p rof i les  o f  t h e  enlarged RACA systematics 
already known f r o m  Figo3 were-again chosen as exGples  [5] The ' 

values of  the ordinates were gained f ron  the measured CL((Y)-cumes 
by . l inear  extrapolation f r o m  the  straight.  p a r t  o f  .the curve towards 

= 0, As is  seen ,lift jumps of  440 fold the maximum value calculatad 
f o r  the f la t  p l a t s  were meqsured i n  extreme cases, Since, acc.ording * 

. t o  -the above mentioned f a c t s  they are  ohiefly caussd by the thick- 
nelrs o f  the turbulent boundary layer  a t  the t r a i l i n g  edge, we had 
to suppose f r o m  the very beginning tha t  the p ro f i l e s  with grea tes t  
pressure r i s e ,  i o e o  with great thicknesses, show the grea tes t  l i f t  
jumps, TdO f igure  confirms t h i s  behaviour, Yith decreasing thickness 
of course, the influence of the backmrd posi t ion of thickness must 

This behawiour is show i n  Fig,?: the slope o f  the curves decreases 
with decreas- thickness, 

- 

8 

- .  - 
(I / 

c 

decrease, too,  u n t i l  it vanishes completely at the thickness 0, *I  

. .  
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The Shapes of the Lif t  Curves, 

' - Rot o n l y  the lift j m p  i s  impor tan t ,  Le.,  the difference of 
I* ordinates between the two s t r a igh t  branches of  the CL((X)--cwve 

* carve between the two branches i s  i q o r t a n t , , t o o ,  The discontib.m.zs 
rmning p a r a l l e l  t o  each other, but the shape of the t r a n s i 4 i o n  

t r a n s i t i o n  f r o a  the lower t o  the upper branch shown i n  Fig-5, (d),  

, .cmi always be realized a r t i f i c i a h y ,  say, by m e a n s  o f  suitable 
. dist lurbing wires, Withou-b such a t r i ck ,  however, the t ransi t ion 

. .is con'tinuous'within a more o r  l e s s  T e a t  range of cLa ' 

, 

Fig& * I  .shows the f o y  possible typ ica l  shapes 'of the C L - c ~ v e s  
, p l o t t e d  against  the angle of incidence i n  the case of s e n e t r i c a h  

-I  

laminar p r o f i l e s ,  , 
i s  

Case. (a) i s  the usual case f o r  p rof i les  y z i t h  good laninar 
properties;  within a range about'C 
l i e  in the r ea r  p a r t  of the prof i le  and do not move (as in Rigo$),. 

';Above a certain CL-value the t r ans i t i on  point on thz su'ction side. . 
begins t o  mov0 fo rwardso  As we can canclude Tsom the above 'donsii.- 
derations, ' th is  movement will contipuously cause inf in i tes imal  lift 
jumps,, i , e ,  a decrease of  dC /dolo Only when the t r a n s i t i o a  poink in. 
the suction side has reached i t s  f i n a l  posit ion with 'farther increasa 

5. of  the angle o f  incidence', dCL/da w i l l  again increase t o  its usual 
+ value; In cases  w i t h  great  angle o f  _the. t r a i l i n g  edge ( L e ,  great 
thickness and great  backward posit ion o f  thickness)' the boundary 
h y e r  a t  the  trailing edge' already becomes so thick dur ing  the for- 
ward_movement of  the' , t ransi t ion poin t  that  t h e  increase' of  lift is 

' overcompensated by the imrease  of  the angle o?, incidence, and 
dCLLd, ot becomes negative, T h i s  considerably more anfavourable ' case 

.. is represented by c&3e ( b )  o f  Fig080 It is nea7 a t  hand and was 
'successfully t r i e d  t o  avoid'this .case by sucking off the boundary 
1aye.r at  the rear pa r t  of the prof i le  [ZJa Case ( b )  could be tram- 
Zsrred t o  case (a) already with a r{lativ+ly sma7X sucked quantity, 
Thus no% only  negaxixe dC /doc i s  obviously avoided, but the lift 
j m q  bCL i s  decreased, too ,  

0 the t r a n s i t i o n  points aainly L = '  

I 

L. 

1) 

\ 

* .. 
L 

I 

Contrary to (a) and .(b) the  cases ( e )  and (d) of Figo8 occur 
p, when the counter-movements of  the t r ans i t i on '  points already begin 

y i th  zero angle o f  incidence, T h i s  i s  the case f o r  thq laminar 
prbf i les .  with r e l a t ive ly  th ick  noses, f o r  instance w i t h  all pro- 
files. of  Fig-7 -vghich have the nose coeff ic ient  I .I , whereas the 
prof i les  with the nose coeff ic ient  0,825 already'belone; t o  ty;?e { a 2 )  

I 

* 
' 

1 4  
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or ( I I ) ~  respect ively ( d )  occurs instead o f  ( c )  in  the same cases 

as (b) instead o f  (a), Only the two thickest  p r o f i l e s  of Pig,? 
with a backward posi t ion of thickness o f  50 per cent, are asso- 
cia-ted t o  type (d), ’ ’  

. r  

They would grobably be irqroved by suction, t o o ,  Improvements 
.-coq.ld a l s o  be shown by a r t i f i c i a l  reduction o’f the angle. of the 

, t r a i l i n g  edge by means of hollow p r o f i l e  flanks a t  the.reaz%-parct 
‘[eps 261 e w 

4014 

. .  

Influence of the Position o f  t he  Trahsition Point on the 
Berbdynarnic Centre and the Neutral Point, 

The above, discussed i r r e g u l a r i t i e s  of the l i f t  curves must 

\ 

at the same t k e  produce i r r e g u l a r i t i e s  i n  the curves’of momenta, 
Bere, howeverp the imiluence o f  the dis2lacemen-k o f  the t r ans i t i on  
point on the pos i t ian  of  the  aerodynamio centre has s t i l l  to be 
consiidesed, If e,g, the  t rans i t ion  point advances on. the- upper sido, 
d the prof i le  with posi t ive angle o f  incidence losses o f  suh- 
‘pressure will r e s u l t  i n  the r e a r  part of the p o f i l e  by the re la-  
’ t ive ly  grea-t; thickness of  displacenent, The point o f  a t tack  o f  the 
resu l tan t  .lift f o r c e  i s  thqs  displaced forwards,  i n  other words: 
pyxmetrical profiXes w i t h  no fixed t r ans i t i on  points have no fixed 
aerodynamic centres e i the r ,  In sp i t e  o f  t h i s  the p e s s u r e  points  
o f  gjTmmetrica1 s t anda rd  2rof i l e s  with t h e i r  s l i g h t  movements of ,  
the t rans i t ion  p o i n t s  c& be prac t ica l ly  considered as constant, 
This i s  n o t  the case, however, f o r  laminar profiles, Let us choose 
as extreme caseo Tha aovenent of  2 rof i les  ’with ,the l i f t  curve o f  
the’-tyge of.Fig.8 (a), for instance, is only zerQ f o r  cen t ra l  pas- 
sing of  the zero point, while a f i n i t e  negative o r  posit ive diving 
moment, $espectively, e x i s t s  f o r  l e f t  o r  r igh t  passhg o f  the zero 
po in t ,  Tor reasons o f  sJrmm$try bo th  diving moments have the sane 
amount. They can assume ccnsiderable values: The ‘two prof i les  i n  
Fig;? with l i f t  curves of  the type 8 ( d )  (nose coeff ic ient  l o $  and 
backward displacement o f  thickness of 50 per cent,)  have coeffi- 
c ien ts  of diving moment of 0,07 for I 8  per cent, thickness and 

‘ 00:4 f o r  15  per cent, thickness [5). 
‘ 

On account of  t h i s  influence of the  posi t ion 0% the  t rans i -  
t i on  Point on the curve of moments it suggests i t s e l f  t o  develop 
p ro f i l e s  f o r  which theore t ica l ly ,  i , e ,  when negle’cting the f r i c t ion  
layer, the movement of the aerodynamic centre i s  just opposi te‘ ta  
% I n  inPTriP-’r.r:e of tha 2laulscenrent ‘of thb tiansi-tion ~ o i n f ; ,  tiid$, 

V 

II 

* 

, 
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t3, balancing er"fect csh be obt5;iiieii i n  the zv&rzge. *&-t;iiin a 'g iv?n .  
C 
of course,  that ,  f o r  practical f l i g h t  conditions the B-mmber of the 

. uerofoil  depends on  tbe GL-vzilue, 3e-J.Etlopents i n  t h i s  direct ion 
s *have -not becocle known so far,  T h e  displacemen4 of  the t r ans i t i on  

point influences,also the posit ion 02 t neutral point. The neurt;-c73_ 

p o i n t  is -,that p o i n t  of an ae ro fo i l  p o - f i l e  which, chosen as p o i n t  
. 6f refereace of moments, cause-s the a a l l e s t  posskble change of t h a  

- seems t o  have passed a developnent with'cyhe a i n i  of constant posi- 
/' t ion  o f  the neutral  p o i n t  
favourable pro2er tg  of  the t,lustan~-prof i l e  ndonger  prevai ls  vhen 

ualxi.1 a 'straight shap i s  obtained,.ht  the sahe time t h i s  incr'ease 
o f  the angle' of  the trk.3.inS edGe i rkolves  an increase of the lift 

- 
range,' For such investigations -;JB have t o  take i n t o '  considekatim, 

F z- 
\ 

I 

L sonent coeff ic ient  with the lift coefficient,  Tde ILustang-profile 

[8]. iiccordiw t o  measuring results t h i s  

' ' ' the'ho~low flanks i n  the rear part of  the p r a f i l e  a re  f i l l e d  uy, 

1 

- *  \ 

t '  
. jump Ac,, [261. 

I 
I . .  

4,15 Influence oI" the Iie;molds NIxiber o n  the Posi-i;ion of the 
I 

, I  

. - - .  Transit ion Z o i n t ,  

The t e s t  results vrith lauiiiar p r o f i l e s  considered 5 0  far were 
6 gained f r o m  w4nd-tunnel test-s with X-nuberb f r o m  i to, 3 x 20 The 

decisive question i s .  now how these laminar prof i les  behave for 
3-numbers,of prac t ica l  f l i g h t  which a re  higher by about a power of 

* c  

. . -  
; ' ' tenth drder, 

I 

The' vell-knovai t h e o q  of snall disturbanc'es (compare 9 3 )  yiel.dr 
I 

the s t a b i l i t y k l i m i t  f o r  a p r o f i l e  i*tith laninak boundary layers  t o  
be a cer ta in  R-ntmber which depends on the shape of t h i s  p r o f i l e ,  
Selow this c r i t i c a l  R-nimber small disturbances are  azyajrs damped 
above it, disturbances v i th in  cer ta in  ranges . .  of fre,i;uency night be 
excited. The ac;t;ual t rans i t ion  po in t ,  however, w i l l  often s t i l l  
occur a t  a R-number whsch i s  inmy t i n e s  the R-rimber characterized 
by the l i m i t  of S t ab i l i t y ,  On the o the r  hand no cases are known so 
far where 'the t rans i t ion  point measured i s  bglow the l i m i t  of  sta- 

b i l i t y  so t ha t  the l a t t e r  can be considered' t o  be the lowest lbit 
of . the E-nhber f o r  the 'posit ion o f ,  the t r ans i t i on  point, It wouLd 
be desirable t o  obtain a . r e l a t i o n  between the a c t u a l  posit ions of 
the t r ans i t i on  points and the parmeters of exci ta t ion given by 
-theory by means of systematic extensive .measurements of p r o f i l e s  i:i.* 

c r i t i c a l  boundary: layers  made iQ a f l o w  with lowest p o s s i b l e  tur- 
bulence- and by coiiqaring the  resu l t s  :*ii,th thncryo Thus i t  v r o ~ 3 d  he 

- .  
4 

' 

a h  / e 
. *  
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possible to predict the positions of the transition points for any 
prbfile at any angle of incidence and for+& R-nunbe??, without 
measurements0 i 

9 

6 Measurements with 2-numbers of  the order of 20x10 were nade 
, J ..in two  profiles o d y o  . I  

> 
. - O q e  is a symmetrical J o u k o w s k i - profile of 1 5  per cent, 

.thickness and a-backward position of thickness of 60 per cent, [23] 
It showed a very favourable pressure distributiono The measurement 
in the great wind-tunnel'of Volkeqrode yielded an increase of the 
drag coefficient beginning at about R = 5 x 1 0  , and the CD-valus 
of standard profiles was ,already reached at R = 10x10 In the same 
way as this CD-value was adapted to that of standard profiles, tne 
lift curve was smoothed, i,e, the lift jump was reduced, B o t h  means 
involve an'advdnce of the trakition poht in the forward p a r t  o f  
the rp ro f i l s ,  

The other profile measured for similar R-numbers'is the so- 
called IfRussian laminar pro f i l e f1  - [25] (l.2 per cent, thickness, 50 
per cent. backward position of >thickness and camber, 1 per cen t ,  . 
c a b e r ,  nose coefficient 0,21,) , Prom the pressure distribution and 
t h e  calcclation of  stability [l?] can be seen that it is . i n f e r i o r  . 
to the above-mentioned . J o u k 6 w s k i - y o f i l e  with respect 
t o  the laminar properties, ~evertheles~s it was measured,. since 8: 

Russian measurement was said to have stated goad laminar properties 
even at R = 68x10 (eD = 0,003)o This Russian test result, howeverp 
could neither be confirmed in the wind-tunnel at Gottingen nor at 
Volkenrode, Increases o f  $he Cdvalues of similar order of ma&%- 
tude and within the similar ra,nge of R-numbers as f o r  the Joukowski- 
profile resulted from these measurements, 

The influence o f  the degree of turbulence which is about the 8 

same for the wind-tunnel of Gattingen and Volkearode remaus still 
.unknown i n  the case of these measurements. [14] This influence can 
ollly'be specified by measuring the sane lahinar profi1e.s in the 
tunnels and for comparison in free flight; or in a non-turbulent 
airstream, Such measurements were not made's0 far in Germany, We ' 

can be realized for R-numbers of modern aeroplanes, . 

6 
6 

_. 
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can oat G w e r  the deciaive question if suitable laminar profiles &. 

. . . .  . 
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4+%6 Eainteaanca o f  the Lruninar Conditions by mean3 of the Shape 

a of the Aerof  - oil, 
!Ne have 80 far discugaed the maintermace of laminar conditions 

by mema of  a suitaUa &M%UB of  the a e r o f o i l  profile, In principle,  

special  shapes of the aererfeil i-kself whereas the usual prof i le  i r s  
’ however,, i t  is also,possible t o  obtain laminar e f f ec t s  by using 

c 1  

* kept, .. *. \ 

$ 

An example is given by the corrugated sheet ae ro fo i l  as is  
shown i n  Pigag, The p ro f i l e  of  the aerofo i l  is s the same in each 
sectiono The angle afifnoidence of the prof i le ,  however, changes 
i n  spanwise direct ion accardirig t o  B sine curve, where the single 
p ro f i l e s  are turned about. the nose as axia,me design of  t h i s  
aerofo i l  was based on the idea that  mater ia l  of t h e  poundary layer 
w i l l  f l o w f r o m  the c re s t s  into the troughs on bo%h sides, This 
downward flow haa a s i m i l a r  e f f ec t  as a suction (compare 4,2) laas - 
on the res&dut$& Boundary layer  o n  the c res t s ,  L e a  it  w i l l  probab- 
ly oause a longer maintenance of the  laminar conditions, On the 
other  hand $he tarbileat% boundary lager  i n  the %roughs is,thick,ened 
by the downward flow, On the crests as w e l l  as i n  the troughs, 
therefore,  we  can expect the reduct ion  o f  the resistance o f  the 

4 bawdary layer* Though $he t e s t  results [2?] conf‘irmed these re- 
f l e c t i o n s - i n  principle,  na reraistaacie waa saved as compared wi th  
the nolz-cmrugated sheet-aerofoil of comgarison since the fric- 
t i ona l  surface is increaasd owing t o  the corrugated sheet, on th’e 
other hand the drag curve along the span reached i t s  m a x i m u m  values 
j u s t  a t  those goints,  t o  which the above re f lec t ions  do not re fer ,  
namely at the aerq points of the sinusoidal trailing edge-curve, 

A laminar e f f ec t  could a l a o  be a-tated qual i t ivebj  forsvvept- 
3aek aerofo i l s  a8 compared with non-swept-back aerofo i l s  o f  the 
same prof i le  [6, 243, According t o  the t e s t  r e s u l t s  t h i s  e f f ec t  
is probablg n o t  due t o  t h 6  moment of the’mater ia l  of the boundary 
layer f rom t h e  r o o t  towards the t i p s  hut it w i l l  be caused by the  
decrease of  the‘ super-velociiziea due t o  the sweepback* 

7 
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D i a i x a  € o r  the calculstion of t h e  savings of resiatiurca - 
the backviard d i q l a c e n e n t  of the tranzition g o i n t  up to 
the trail- edce for a f a t  p l a t e  i n  parallel  flow. 

1 

I 

, 

. .  

I . 

. 
Comparisori 'of the yrssaur'e distribution of the p r o f i l e  
U C A  0C)tO (backward yosition o f  thickneas 30 per cent,)  
with that of a l a h a r  p r o f i l e  of the smte thicknet38 and  

s backward pos i t i on  of thiclrness o f  59 .per cent, 
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4*2 RIaintenGce of the Lamina r  Conditions by ' Suction. * 

, 4021  Survey and Limitation, 

By H,Holstek, 

. -  
.. 

4 

As was shown i n  the preceding section, the problem t o  obtain 
$&nar conddtions by a suitable chojice of the body-shape leada ' 

L. 

t o  considerable a l t e r a t ions  as against  the usual shapes, * 

Due t o  .these changes other aerodynamic Aproierties were 
- .  

-necessarily deter iorated a t  l e a s t  when these bodie's, as for in- 
stance the ae ro fo i l  p rof i le ,  had reached a high s t a t e  of develop- 
ntknto It is therefore inportant t o  -have other means, too., which 
'enable 'us to.  k i n t a i n  the lauinar conditions without requir lng 
changes of t l e  shapes Such a means i s  'given by the  suction of 

' . .  

- 
rr- 

parts  of  the  boundary layer,  . I  

'There ?s a double e f fec t  o f  the  suction on'the boundary 
layer,  F i r s t :  the boundary'layer 
flow material .  Thus every R e h o l d s  number formed by means of  a. 

- boupdarjr l ayer  parameter, f o r  instance the thickness of displace- 
ment, i s  a r t i f i c i a l l y  reduced, t o o ,  Secondly: the 'shape'of the 
boundary layer  i s  a l s o  .a l tered,for , ,  due t o  suction those layers  

, .axe removed which are nearest  the wall. L e ,  which are most consider- 
ably braked, and the prof i le  o f  the -boundary layer.becomes more 
convex. 'Both a l te ra t ions ,  the reduction of Reynolds nurnber as well 

.. as the change of the shape a t  the boundbry layer prof i le  have a 
s t ab i l i s ing  influence. according t o  the r e s u l t s  of the  s t a b i l i t y  

'; theory ' for  laminar boundary layers  (compare 13 3 ) .  Thus the  suction 

reduced i n  s i ze  $by taking away. - 

' seems t o  be promising t o  keep laminar conditions, 

The suct ion can be s o  grea t  t h a t  it. influences the pressure 
given by the poten t ia l  flow by producing-a par t icu lar  f i e l d  of  
.si&&. This  would be an a d d i t i o n a l . f a v o u r ~ b ~ e  e f f ec t  for the sta- 
, b i l i za t ion  o f . t h e  bomdary layer as i s  eas i ly  seen. For the pre- 
sent purpose, however,' such intense suctions do.not prove fa- 

'.?ourable, therefore,  they will not be discussed here, 

+ 
14~22 Formulations of Notions. and Evaluati,on Formulae. 

- When using suction the problem of possible gains i n  pro- 
pulsive power is not so' easy t o  survey as when using suitable 
shapes of the'body i n  order t o  keep Laminar conditions; f o r ,  suc- 
t i o n  generallzr ~ o r i s w e s  power and this must ;  be takeo into con- 

' 

- 8  
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-@ideration when drawing tkie f i n a l  power. balance 
sucked a i r ' m u s t  be blown out  again and t h i s  will generally require 
additional acceleration power, In the case of suction, therefore,  
the drag coeff ic ient  C i s  replaced by the so-called coeff ic ient  
of  p rof i le  efficiency Cperf, as charac te r i s t ic  .quanti+j f o r  the 
czlculation o f  the proprj,sive govres, For a long %ins i t  has usualf;; 
been indicated i n  the f o m  [281 

Moreover the 

e 

D 
' 4 '  

,. 
* 

- c *  

mere h is the number of  suction s l o t s  and C 
of  the quantity sucked through the  s l o t  G n&de non-dimens,ional 
by the velocity of the incident flow and a su i tebPe  surface o f  the 
body ( f o r  aerofo i l s  the sugporting surface) C denotes the over-- 
pressure i n  the suct ion chamber assaciated t o  s l o t  n as agai-lzst 
the undisturbed s t a t i c  pressure, It i s  referred t o  the undisturbed 
dynanic 2ressure, Formula  (1 ) i s  base@n the following suppositiocs: 

1 )  HydSaulic losses  i n  the suction and blowing o f f  piges cari be 

i s  the coefficient b 
d 

Pn 

< . neglected, 

2)  Propulsion-, suction- and blowing off" unit have the same 
b efficigney, 

3)  -The ai; is blown ou t  a t  f ly ing  speed and at a point of  LI&- 

I '  disturbed s t a t i c  pressureu 

s Moreover the def in i t ion  of  the drag coeff ic ient  CBdin the above 
. formula is important: it is the value resu l t ing  f r o m  the depression 

of the  nomentum curve b'ehind the a e r o f o i l  without blowing out, It 
vanishes f o r  instance,  'wnen the'tvhole turb-aent boundary layer  i s  
sucked a t  the t r a i l i n g  edge whereas the drag coefficient resu l t ing  
from the in t eg ra l  of  the.shearing s t r e s s  and the pressure distri- 
bution would na tura l ly  n o t  vanish, The difference betwee; the two 
is called ltsink resistance",  

/ 

I 

. . 

In all cases i n  which we t r y  t o  save propulsive power it i s  
therefore not su f f i c i en t  according t o  the above facts  toLkeep t h e  
boundary layer  laminar by means of suction, Besides the associate 
power 2ercentages must remain s o  snall that we o b t a i n  a consider-- 
able advmtage as comsared with t h e  a e r o f o i l  w i t h o u t  suction xhen 
these values a re  taken i n t o  consideration according t o  f o r m u l a  (1 

9 

' - 
The pressure coefficient obviously depends on the outside 

pressure a t  the suction s l o t  as well as on  the geometry o f  a i l  



parts between the outer contowland the suction chamber which ax8 e 

t e q t s  w i t h  d i f fe ren t  arrangements and widths o f  the slots 021 
that i t  i a  always possible within the range of  the relatively 
smart suct ion quant i t ies  used f o r  the purpose i n  quest on  t o  keep 
the pressure in the,duction chamber equal t o  the outs i  e pressure 
by Stnitah18 construction, These t e s t s  were'nade on a f l a t  plate 

. and, s t r i c t l y  speaking are  only valid f o r  the boundary layer pro- 
f i le '  of  the flat p l a t e  according to B 1 a s i u s * No remark&le 
a&tez%tions of these t e s t  r e s d t a ,  however, will be expected f o r  
lamiaar boundary layer  prof i les  i n  The pressure d r o p  o r  pressure 
rise, i f  these profile: do not d i f f e r  t o o  much f r o m  Blasius' pro- 
. f i l e ,  The preqsure coeff ic ient  C therefore,  can be taken w i t h  

k suf f ic ien t  approximation from the ou t s ide  pressure i n  the ea88 of  
aerofo i l s  i f  the parts passed by the flows are well designed as t o  
their  hydraulic properties,  

'passed by the sucked material. It could be ,poved  i n  a series  of c 

I 

P' 

We. can thus m a k e  re la t ive ly  rp l iab le  predictions on the 
amount'of the  pressure coeff ic ient  required, t h i s  is, however, 
much more d i f f i c u l t  concerning the volume coef f ic ien t  

In pract ice  a ce r t a in  p a r t  of the prof i le  chord w i l l  general- 
1~ be given along which the laminar conditions shall be hept by 

I suctiori, - 

. T h i B  par% can be provided e i the r  cvitqrnany o r  few s l o t s ,  In 
the latter case 'relatively greater  volumes must of course be 
sucked by each s l o t ,  The question w i l l  then be: i n  what case is 

& 

I 
\ I  

the coeff ic ient  o f  the t o t a l  suction volume smaller 
. _  

The few t e s t s  so far avai lable  on the laminar conditions kept; by 
suction seem t o  indicate  tha t  the main d i f f i cu l ty  i s  not t o  ,keep 
the f l o w  laminar but t o  keep the required suct'ion volumes snail 
'enough 

I n  order t o  clear these problens ' le t  us again discuss  the 
flat pla te  which a t  the sane time will enable u s  t o  consider the 
.test r e s u l t s  t o  be dea l t  with l a t e r  on c r i t i c a l l y  and t o  avoid 
mistakes when judging fu ture  t e s t s ,  Let us already mention here 
that the pressure coeff ic ient  f o r  the f l a t  plate  can always be 
put equal t o  zero according t o  the  above t e s t  resu l t s ,  Considering 
(2 )  the formula (1 )  f o r  the f l a t  p la te  is thuv a i n $ . i f i e d  to  

' 

t 
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4*23t An Approximation Fornula for Suction at; the Plat Plate, 

Theoretical Reflections on the Flat Plate, 

\ 

.~ Let us cjonsider a flat plate jtn parallel f l o w  according to 
Figel- ?he ve1ocif;y o f  the incident flow be UoL and the chord of 
the plate t . Let the laminar boundary layer reach its critical t 

thickness of  displacement GtCrit, at the point Xerit where the 
trmsition takes place, Here a suction slot will be $ranged t,hrough 
which a volume pZ. is sucked f rom the boundary layer and thus the 
transition w i l l  be prevented at this 'point, After suction which 
malcea the thickness of displacement decrease, the latter will in- 

' 

crease again until. it reaches the valw 
distance d behind the first suction s l o t ,  Here a new suction slot 
w i l l  be arranged, and the  volume \ will be sucked again. This 
method will be continued as far as the trailing edge of,the plate,  
&et %bus arise n slots, Then the chord I, can be written as: 

dlcrit, again at a 

I 

e whereas 

b 

. holds f o r  the 
definitions , 

I In order 

- .  .. . 

-. 

cq4v0*'1 =' Q =: y;q ,  . (5) 
- 

coefficient of the sucked volwne C according to the. Q 
- 1  

to consider the conditions of the suction slot it- 
self we choose the simplest arrangement f r o m  t'ae theoretical point 
of view as given in Fig-2, The slot is overlap2ed and the rear  
slot lap i s  infinitely thin and parallel to the flat plate, By 
suitable balancing the height of  ove'rlapping Ys and the suction 
volwne Q that t&e incident becomes symmetrical in flow, Let the , 

velocity at the height Y8 be us- 

the laminar velocity profile of the flit plate (dashed -line in 
Fig-2) to be replaced by a "triangular profile" of equal skin 

I -  

- n  

For simplification of the calculation we assume after Biasius  . 

.. 

friction stress, (Figo2)a 

For such a profile we. then 
' .  

obviously have : 

I 

, '  ( 6 )  
I 

1 
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Yhereas the velocity gradient at the wall is given due to Blasiua 

A 
which a l s o  h o l d s  in the present case according .to the presupposi- 
tion, From (6) and (7) result the thickness of displacement 
and the height of overlapping Ys: 

6 
1 .  

U 

. Two further relations can be taken from Fig02: The suvcked volume 
0 is 

& =  

. .  

2 

and the reduction Ah 
suction can be taken from b 

of the thicknes's o f  displacement due to t 
. .  ... 

, Now we need a supposition on the re-increase of the thickness 
of displacement, reduced by suction, behind the slot, Obviously 
the velocity Uo at the border of the boundary layer as w e l l  as 

. the velocity us at the overlapping height (compare Fig,2) in- 
fluence the value of this increase, These facts suggest the fol- 
lowing approximate supposition: The thickness of displacement 
increases after suction SY. on the leading edge n f  a flat plate 
with a meaa veloci ty  of its incident. flow oh O a 5  (UQ + us)* With - 
thia supposition we have, analogous to (8), fcrr thepincrease 

~ 

A&%(x) after ithe suction as far as a point X between the first 1 
and the second suction slot 

r i 

Accordihg to the presuppositions (compare Fig,l) made on the 
suctioi* the thickness of\displacement at the second slot, i , e ,  

c 



- L3 - . -  . .  

a* x = XcrFto + d, will be equal t o  that  directly in f r o n t  of the 
first alot, ThQheans, however, that the &crease A hl(x) a t  this 
poirt t 'must be e&al t o  the decrease Adl given by ( l . l )o  Hence the 
expression 

, I  . .  
i ' 

~ Ad, L .= 1- ( i s )  

= d can be .in-- r e s a t i n g  from ( t 2 $  f o r  the spec ia l  case x-xcrit 
sested i n  - ( I  I ) for 
means qf (9 )  and ( I O ) ,  and according to ( 5 )  the coefficient 'of 
the sucked volutne C .  can be introduced instead of 9 If the n u n e r  
04 s l o t s  n is e l i d n a t e d ,  t o o ,  in- t h i s  new equation by means o f  (4) 
a+d if we introduce %he abbreviations 

* 
Then Ys arid us can be eliminated .by 

Q 

= z  
/ 

-Rd . 

Bcrit, ~ 

r, 
L 

- I t  represents the required degendehce of the coefficients of the 
sucked volumes C on the E-numbers defined by ( 1  4) Q 

I .  
n -  

. 4,232. DiscussSon o f  the Approximation Forx-nula (16), 

~ The value 2; occuring i n  (I6) obviously is the ratio ' of the 
slot distance to the rurming f_en,&h of  the laminar f b w Q  Therefwe 
z can niey within t h e  range o 6 z f z . o m o .  T I I ~  l in i t ing  case 
2; = t eiists xhen the. d&isi;mce of  the slots hap its naximum value. 
In this case the whole boundarj. layer is sucked and we obta in  from '* . 

.. . .  - . .  .. 
. .  , .  

- (16). 
. .  - 

. The other  1irni"c;iryi; cese (z = 0) is under discussion when the slots 
are arranged a t  infinitely smal l  distances, In this case o f  the 
so-called continuous suction' we obtain from ( I G )  

- 



fo.e, just -half the -1ue"of the limiting case (17)o The curve of 

It shows- a curve with-increasing slope,. 
. f( z) between these two limiting values is represented in Figo3* 

. -  . ' since approxiip~tive $uppisitions the adissibility of  which- 
is not quits clear were made for ,the deduction o f  f(z), it seems , 

first'to be necessary t.0 discuss the curve given by'f"(z),, 

The' limiting case (18) of tha continuous suction of .the 
boundary layer on the flat plate can also be exactly calculated 
from Prandtl's equation of  the boundary layer, (Compare [30J)9 
The' exact  solution gives the numeridal v@lue -0,664, instead of 
(78) hence satisfactory agreement, On the other hand the- increasinE; 
slope' from its value at z = 0 given by, (18) e& a l s o  he mdex-stood 
immediately. According- to mipositions the boundary . .  layers direct- 
lyebehind the  dot are always -smaller in -the case of great s l o t  
distances, Small boundary layers, however, grow more quickly along 
certain distance than great boundary layers, If a given s l o t  

distance is increased, the inereage! of the boundary layer *hick- 
ness 'arid with i t  o f  the auction volume required I s  the greater, 
the greater the given distance of the. slotso Thus- the initial 
point and the.iricreasing slope of the c W v e  given.by Figo3 are 
sn&red-, As ' t o  the .value at .the other. poht z; = 1 given by (17Ip 
the' approximative -suppositLon (1 2) o n  the increase 9f the thick- 
ness of displacement behind the s l o t  obviously becomes-quite cor- 
r e c t  f o r  the boundary layer; for the -whole boundary 
layer is-sucked 'in t h i s  case and thus us' = U Hence the boundary 
layer  begins behind the.slot just as at the leading edge of a 
f lat .p late  with a velocity Wo of the incident flow, Here an error 
is  2nvoXved only by the fact that  the BLasius  boundary l ayer  
grof i le  was replaced on the flat plate b~ a triangular p r o f i l e  of 
equal skin friction stress, As is  easily seen with Blasius' pro- 
f i le  by graphical integration, the suction -given by (17) coverin& 
the whole boundary layer profile corres2onds.to a suction on Bla-  

1 

- 3  

0 

Sius' profile as far as a velocity of about us = 0,85 Uoe Hence 
. a Small thickness of displaeement,would be deft in this cas8 be- 

hind the suction slst, if we'. wapted, however, to suck the boundar;/ 
layer completely, an infinitely great s u c t i o n  volume would be 
required according to Blasius 01~in.g to the mere asymptotical W ~ -  



. .  

. - -&.tion into the frictionless'flow, As against the suction as far . 

- .  
, 

I .  . 

* .  . 
i I. 

. ,  .. 

* 

. .  

,/-. 
. -  

t 

- ,  .. 
8 ,  .. 

. z--  

.as UB' =- 0,85 U the slot dictance, however, would^ihus increase bx 
3 per cent. only, ascan easily confirmed by calculation, Hews the 
.curve of Fig,3 gained by means of Blasius' profile vJould have a 
vertical tangent at z = 1 and the value given 5y (97) would be 
already reached at about z = O,gg, The difference between both 
curves is- practically unimportant Hence the a2proximation for- 
m u l a  (16)  seems to be sufficiently reliable, 

'dependence of the coefficient of the suction volume on the R- 

0 

e 

- 
.) 

Let us now investigate the important problem concerning the 

number with the'help of the formula, T h i s -  can be done by m e a n s  
of Fig04 where 
ferent 'parameters. R' ./R 
tha t  R-number f o r  &ich the transition would take place w i t h o u t  
suction, is considered as constaqt, this diagram directly indicates 
the dependence of the volume .coefficient on the R-number, 

the- final values 0 &d 1 as w e l l  as the value 0-75 being chosen 
corresponding t3 a line lying about .the middle of the t w o  o the r ,  
The rise of .the curves  with increasing abscissa f rom C 
caused by the fact that a continuously greater portion of the plats 
is prodded with suction, The limiting values f o r  infinite12 great-  
abscissa are narked by cj.rcleso When assuming the R-number on%~ 
to be increased by the increase of the chord 2,  these curvss a re  
valid far a-fixed slot distance d, Iience- they give the progress 
op the volume ,coefficient when the 'rear part of: the plate ,is con- 
tinuously enlarged piece by: piece, If the chord, however, is k e p t  
oonstant; and t h e  velocity of the incident f l o w  Uo increases,_the 

, had to he varied proportional %c s l o t  distance 6, at fixed Rbrit 
IDo, if the curves shall rema- valid, 

The dashedt curves Olf Z+ig,4 hold f o r  fixed values of the gars- 

vGwQ Gg.i-s -plotted against R/Rcrit f o r  di 'f- 
o r  Rd/RI respectively, If Rcrit,? ieee 

- d crit, 

Along the f u l l  lines Rd/Rcrit =' z is' therconstant ?ariuneter, 

= 0 is Q 

, -  

e , .  

.. - . 

\ 

meter R /Re The product of parameter and abscissa is'Rd/fCcrit, = z ,  a' 
hence at most equa l  to unity, These curves nust therefore end at, 
abscissaeswhich zre egml t o  the reciprocal value of their para- 
~eters.. It'Iooreover they en8 'on the upser of ' the ful l  CUTV~S above 

.discussed which h o l d s  for z = 1, When a s s u n i ~  the abscissa t o  be 

.increased by t h e  increase of  the chord.%, the l a t  d%stance ;[ill 
also increase p o p o r b i o n a l  to I, along these dashed curves, hence 
they give t h e  variation of the volume coefficient with similar 

, eola9gez:ent of the aodel, If, on the other hand, me increase t h e  

6" 

, .  



I 

abraaissa by increasing +the veiocity of the incident flow and we 
keep the ehord 1 canstant, the s lo t  distance d w i l l  a l s o  remain 
constant w i t h  t;hese curves, Hence they also give'the variation 

. of' th0 coefficient of' the suction volume necessary ?or keep- 
. .  the laminar,conditions f o r  a given model whoa8 velocity of in- 

z 

P 

cidsnt f l o w  is increasedo 

As -is seen from these Statements, the dependence of the 
..volwne coaf'ficien-t on tha R-number is manifold and we can survey 
-it after intruducing further conditions, .The coeff ic ient  of 
suetion volwne w i l l  generally increase w i t h  .the R-number if quick 

- bcrease of the s l o t  distance w i t h  increasiryg 8-number is. not , 

.assumed as particular condition, This is a disadvantage growing 
w i t h  great R-numbersr since as is known the  drag cdefficient with- 
out suction decreases w i t h  increasing R-nubere 

Eq.14) which can be easily changed into the form 
,- = The number of s l o t s  n can be calculated in agy case f r o m  

.. . (39) 
I\ 

- -  - 02 * 
- .  

'a=& (L-~+4 : . .  * 
crit, 

The -former eqmtion can be suitably used f a r  the f u l l  curves and 
the latter f o r  the dashed curves of Fig.Bo For a-better sum~ey  
curves of constant numbers of s l o t s  n were not  drawn i n  Fig,$* 

After the volume coefficient is given by formula (161 or 
citn also be Figo3, respectively, the power coefficient Cperf 

calculated by means of Eq,(3), 
0 

9 .? 
..As irt section 4 0 t  CD lam tub be the drag cbefficient of a 

0 *- 

'- flat plate without suctim w i t h  a transition gain% correspontting 
As against such a p l a t e  the relative saving of pro- to Rcr i to  

* .  pulsiwe power *which results from keeping the laminar conditions from 
the abbve transition ;point up t o  the trailiqg edge by means of 
suction is then .obviously - 

perf 
'D lam,-turb, 

b - -  
- .  

.. c * *  
. .  

- - -  1 - 
. .  

' \  
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' It can be eas i ly  taken from Figs,5 and 6 for R-numbers between 
30 and I00 x IO With respect t o  the parameters Pig,5 corresponds. 
t o  the da-shed curves knd Fig+ t o  the f u l l  curves of Fig,$ As 
3.9 seen a l l  the curves have m i n d  which correspond t o  the grea tes t  ' possfble sav-s a f  propulsive power, A t  R-numbers above these 
n in ima  tize increase o f  %he coefficierit o f  suction volume together ~ 

w i t h  the decrease 'of  the drag coefficient wi thou t  suctian causes 
again a decrease o f  the potnrer aavings, For suf f ic ien t ly  ,great 
R-numbers, therefore,  the curves of Fige5 in ease beyond unity, 

- not yet o f  inUterest inspract ice  nowaiiays, The, ends o f  the curves 

of Fig,6 again correspond' t o  the suction as fa r  as the 85 per cent,  
' I - .  limit o f  the velocity of BBSasius' boundary lqy,er profile, Acdordiw 
- .  ta the aboke considerations we have nor&l tangents and hence p o l e s  

of  the curvesm F o r  a design it is of  course impor t an t  already t o  
take i n t o  consideration that suction w i l l  never occur- i n  the raga  
of -  such poles even a t  the highest %number i n  ques-t;imO 

4,,24 The Tests Carried o & t  s o  far', - 

cer- ti; prohlem of  keeping'the boundary layer laminar by mans  
.of luctian, 

6 . 6  

. 

1 

J .  

, %is, however, is o n l y  the case for very hig F numhers which a r e  

. .  I 

- 
1 I 

* .  

. Three d i f fe ren t  wind-tunnel t e s t s  were made in Germany can- 

* .  
* \  

'. -. 
T h e  E ' i T s t  [29]/w;is made on a s p m e t r i c a l  ~ofC&rmdn~TrefPtz- 

.. -prbfiXe o f  15 yer cent, thickness and a backward p s i t i o n  of thick- 
ness of  33 per cent, On both sides-IO suction s l o t s  each with 

. rounded s l o t  edtges 'were aqanged over the whole s an at' equal 
distances,  'The R-n;mber f o r  this t e s t  w a s  106 x IO Material of  the. 
boundary layer  was sucked with the most various combinations of' 
these - s lo t s ,  and at the same time it was t r i e d  t o  find out the most; 
favourable slot arrangements and the corresponding'suction volumes 
by means' of drag measureGents i n  the wake and-of check- measm~?,~ 

. merits o f  the boundary layer, The-s lo t s  not used for suction were 
always pasted over, Only a t  the beginning of the measurement aU, 

I .the s l o t s  were pIastered in order t o  have a completely saoath s w -  . face f o r  the comparison measurement on the ae ro fo i l ,  without sXots,  
',Ye saw' that"the L b i n a r  running length c o d &  be extended, suction 

, beg&. before t r a n s i t i o n  point, The' Lamfnw coqditions cduld thus 
be kept along more than 90 per cent, of the wing chord, For  the 

. best  of the combinations which could be taken f r o m  the measurements 
. ' we stated a reduction of resistance o f  48 per cent, as against  the 

I. 

, I  

- .  

2 

-1 



ae'rofoil  without slots, The additional power of the blower ac- 
.cording to formula [ I )  still give a savhg of  32 per cent, in the 
Coefficient of the propulsive -power Cperf 
behind the beginning of the transition zone, the laminar condi- 
tions could no longer be kept, in spite of greatest suction, 
' 

The positive resuit of this test ,was fo l lowed  by a series of . 

.theoretical papers on continuous suckion o f  the laminar boundary 
lajjer .&d by corresponding .calculations of  stability, They will be. 
the sukject of  section 3 * 2  of this monograph, 

If suction f i r s t  begar, 
0 

\ 

A fur ther  snetion test was made with a profile NACA/64 [31] 
This test aimed, too, at finding out the most favourable,combinst- 
tion of the &my available suction slots ,by a try method, The 
8kumber was .twice that of  the first test, hence 302x10  With 
symmetrical incident f l o w  the larninar conditkons could a l s o  be 
kept along more than 90 per cent, of the chord, and f o r  suction 
on both sides we obtained at b e s t  a redudt+on o f  drag of  60 per  
cent, of  the value for the aerofoi1 with clos&d slots, According 
to t i e  above reflections, considerahle savings of propulsive power 
s t i l l  existed on the ' f lat  plate fbr .the suction of Blasius' pro- 
file as far as a veloc'ity of 85 y e r  cent, of'the potential velo- 
city (comiare Fig;,6) 

I 

6 .r 

~ 

whsreas a fu r tne r  suction' seemed t o  be 
..nugat,ory, since it did not cause any extension of  thdarninar 

= rmning length, This, howe;er, needs not be contradictory t o  the 
test result just mentioned; f o r ,  on the one hand,-the power con- 

- ditions for the flat plate are more favourable than for the aero- 
foil, with t he  latter the pressure coefficient C in Eq,(l), but 

' assumes a finite negative value varying according to the position 
of the 'auction slot, On the other hand the sink effect wa3 not 
taken into consideration in the case o f  the flat plate, Such an 
effect;, however, exists f o r  strong suction and inflEences the 
Ssvelopoient of the boundary layer  behind the- suckion slot by 
measi of its pessure field in a favourah18 way; thus an extensiorr 
of the ldnar running length w i l l -  result f r o &  the increase of  
suction beyond the limit o f  8'5 Ser cent, Thfs extension, o f  course, . 
14 n o t  p r o f i t a b l e ,  since it requires t o a  great suction volumes, 
This case was probably given f o r  one o r  more o f  the 6 suction s lo -x?  
which are open in the measured ostimwn combination, Supps ing  thin 
we find the above-henthoned facts to be confirmed that in all cases 
with considerable savings of  propulsive power the suctions have 
t o  be so smhl.1 t h a t  we need n o t  *ake i n to .  consideratioh t h e   SIP^ 

. .  

P 
' I  
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. .  . ._ - effete;, Moreover the testa ah~wed~that  i n  the rneasured ostinum 

.. . c a w  the  laminar conditions werg no longer kept when increasing 
t k e  R-wmber- beyond 3 2 x 1  O6 even if the suction-volumes through 

. the open s l o t s  were increased to the utmost; Hence we see that  'the 
.'si& ef fec t ,  i f  sup;.ased t o  take sart . i n  keeping tb6? la$rinar con-. 
-. 

4 

di.tion*s is ~ n l y  small and tha t  the aboGe discussed test was 
* *  - actually carr ied out near one of  the power peaks (being in f in i te -  , 

ly-high in r e a l i t y )  o f  the curves in Figo6, - 
x 

According t o  these explanations it i s  clear 'in what direct ior i  
we can *find. improvements of. t h i s  t e s t  resu l t s :  The distance between 
the s l o t s  &u8t be-reduced s o  far by nultiplying the dumber of s l o t s  
t ha t  it. is- beyond the above mentioned performance. Seaks of 'Fige6, 

- The idea suggests itself to avoid the occ&rfng technical 
. d i f f i c u l t i e s  by choosing nb longitudinal. s l o t s  q l o n g  t he  span but 
by- choosing suf f ic ien t ly  perforated surfacesu The l a t t e r  method 
wa8 applied i n  a t h l r d  suction t e s t  which tvas made on a p r f o r a t e d  

. 
I .  - 

- 

' 'flat pla te  [33] e The h-oles had a s ike  of 4 q  mm in sganwise direc- 
- 

t i o n  and of  2 mrn i n  chordwise direct ion,  Their distaqce, i n  f l o w  . 

* .  
. , di rec t ion  amounted t o  4 mmo , These.measurenents were also wrsuccess--- 

'. < -  s u c t i o q  o o l m e a  so . that no savings o f  progulsive power .resulted, 

' 

effects which act as far 3s the stagnation point arising t-here by 

': - auceion is located dovrnstrearrr the r ea r  edge of  the s l o t ;  for o n l y  
then b o t h  s l o t  edges are  n o t  i n  the outer flow of  the suct ion 

of the outer flow, This would first be the case for th3 chosen 
kihd of perforat ion f o r  suction volumes which are by fa r  t o o  gxeat- 

. in srder t o  a l low savings o f  propulsive power as co&mred with the 
. . non-perf o r a t e d  flat pla te  There -are obviously two possibilities 

-* . . t ' o  improve this arrangeient; e i ther ,  the sharg eilges of  the s l o t s  
are avoided by suitable punched holes or the widths of  the s l o t s  
are e s s e n t i a l l i  reduced so that the t o t a l  suction volume remains 
s m a l l ,  though the suct ion through a single slot is so great that 

point  $s obt;ained f o r  each..slot, " 

. 'ful,'The l&inar conditions could only be gegt by r e l a t ive ly  great 

. .  
' We sup2ose t ha t  the sharp edges of  the $lots involve disturbing 

. material* Then the sharPp edges do not ldnger cause-disturbarlces 

. . .  - 

- _  

, 'the j u s t  discussed favwrable  backward posi t ion 'of  the s t a g n a t i o n  
! . *  
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, 4-3 Influence ~f Surface Conditiona QJL. the Transition Po in to  
I .  .. 

.I By H,Bolstein, . 
* 

z 

' 4*3t * 
with Surfaces which are n o t  Slaaoo-tb evcqywhereo 

$f there is geometrical similitude between two bodies  in .fI-CbY 
' 

4 

the slurfaces o f  which a m  perfectly smooth' everywh the condi- 

has the saae value in b o t h  cases suffices for gutzranl;eebi& dard-. 
dy_namical similituae, Uo is the velacity if the incident f l o w ,  
1, is a suitable length and ZI is the kiaematic'viscosityo If tha 

-surfaces of the two 'bodies in question, however, a r e  no longer,' 
perfectly smooth everywhere, we can define a length k, which is 
vertical to the surface and denotes the Iuaximum of  the mean. leapel 
of disturbance, Then the &eometrical r e l a t ion  

. 

* 

? 
will still. be required at l eas t  for aerodynamic ~sbLkLWdea, . 
5s the thickness of displacement, * 

' In the case of model t e s t  it. w i l l  always be possible to'. 
satisfy t;he condition (2); f o r  we have only tQ choose ~& sui table  
g r u  s i z e ,  The conditian ( I ) *  however, will generally not k% 

. satisfied, s h c e  a l the r  the d h e n s i a s  of the nmdel or %he vel+ 
. c i t i e s  af t h e  incident flaw. do not reach %he correapWiag valaea 
of the f u l l  scale canst;PuetiOno ;'Jith nodel measlurements we s 
be generally bterested in havbg %he transition poigt of the la- 
m h a r  boundary l ayer  at tEe sane pint as in the case of the f d f  
' scaa  construction; for o n l y  then statemin- on the drag can be . 

tran&&n+red f r o m  the model m&umxmerr t  to %he fhll smbe cans~rr%c- 
,tion, In order t o  obtain this similitude with reapect ts; t h e  pasi- 

f i c 3 n  of the transition point, vze. have t o  compensate the s t ab i l i z ing  
' e f f e c t  of a too small R-nWer fokmed accordkg  t o  fcwmda (1.) bg 

* 

* 

fncraasing the relative level. - of dfsturbansea. k/dl Eq, (2) has $0 

*be changed i n  a suitable way intcl the irrequal.i.,-t;y 



I 

. -  ;'lhen.forming R-numbers by means of the lingth in ( 3 )  and- of the 
velocity of the incid'ent flaw Uo.a.nd the kinematic viscositymd 

29 c 

considerhg 
1 
I 

, 
: according to, Prandtl's equation of' the boundary layer we can -mite 

. strudtion have the same' size., .On the other hand the left-hand side 
has to be chosen the greater as against tke right hand side, the 
smaller the model as'compared with the f u l l  scale construction, 

. When the model has to be investigated at reduced. velocity 
fornula (4) with fixed grain size k requires that the chord o f  the 

'. model has s t i l l  to be reduced more considerably than the velocity, 
-' This is obviously quit; contrary to the requirements to be satis- 
fied 'when using models with perfectly smooth surfaces' [compare 
formula (l))o Yhether the model test is to bs based on fornula ( I*)  a 

'. or formula ( 4 )  in a given case. will, according to the above state, 
ments,' depend on whether considerable displacenents 0.f the transi- 
pion point wiXl be expected when passing from the model, test to tke 
full scale construction,.If s o ,  foraula (4 )  will be preferred 
.owing t o  the great influence'of the position of the transition 
point on the resistanci, In this case, for instance, model tests 
on the influence o f  spray varnish of different roughnesses (carno& 
lage paints), which are ineant to be used for %he full scale con- 

' stkction, cannot be transferred to'reality if thsy were made with i 

about the same mo-del- sizes but at reduced' velocities [40; 471 
.fhe same obviously hola,a for original' aerofoils . [44; '45; 461 in 

. the wind-ttpxnel: Here- the sign of inequality of formula (4) woufd 
even %have to be written in- the' inverse senceo In this case k and.1, 
are equal for the model and the full scale construction, hence . 

remain's on both s i d e s  of '(4)0 A l l  measurements, hoiever, 
remain reasonable. if the transition point on the model is- dis- 
placed forward so far that no remarkable further forward motion can 

ihfluence of roughness on the turbulent boundary layer is hovm to 

' 
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: .  take place when passing t o  the fu l l  scale cons-tructipn; for the 
2 

' deuend onlv -,remi s l_ iGh-P. lv  nn the R - n ~ ~ n i " n c ? r -  



~ In'wind-tunnels, o€ course, t h  dagre t  of flow turbulence . 

* i d l u e n c e s  the position of tile' transition point ,  too, and it v~ou~c i  
be-possible i n  princ'iple t o  coupmalie the influence of  a t o o  
s m a l l  l e v e l  of  disturbance k'by a cbrresponalsg turbulence of the 

-wind-tGmel florv, The present state '  of knpledge i s  not su f f i c i en t  

' 

, 

~ f o r  the application 02 this methoda If Y J ~  know the posit ion o f  

. sondine; posit ion 02 the  t r ans i t i on  poin t  f o r  the Eode l  c a n a l s o  

. the t rans i t ion  point f o r  the full scale construction, the cbrres- 

be obtained a r t i f i c i a l l y  by meaas 'of  a, su f f i c i en t ly  great d i s W b r g  
w5re i n : t h e  case o f  a &ode1 with ~ Q O  favourable surface conditions,: 
De-kails w i l l  be given i n  one o f  t h e - f o l l o k n k  'sectionsp 

. %  

c 

. I  

i 

4 0 3 2  Theoretical Propositions for the  Eetermina%ion of' the 
Cri t ical  Level o f  P)istl;lrbance, - 

- Beyond the indication o f  an inequality vie look f o r  quanei- 
t a t i v e  theore t ica l  statements on the influence o f  surface d i s t u r b -  
ances on  the  posi t ion of the t ransi t ion point, Here an  hypothesis 
on t h e , c r i t i c a l  level of  disturbance 'cannot be dispensed w i t h ,  
Such an h;rpotHesis wap put by 
t o  i ts  ,configuratiqn of  streamlines a suff icfent ly  viscous f l o w  
i s  known t o  behave s i m i l a r  t o  a potent ia l  f i o w ,  though not  qwn- 
t i t a t i v e l y  but In so.far as the streamlines f o l l o w  the coptour 

. of -the body everywhere without separations,  whatevir may be the- 
.- shape of  the body, Only at a ' .cer ta in  number 

-, 

-Y- * - 3 c b i 1 1 e r p4-1 : With respect 

. - i .  b h  

' ~ U b i f  - I  

* o  - 
Y - 

where..d i s  a 3ength taken from the Frontal  area o f  the body, 
considerable vort ices  begin t o  form, When increasing this.RL 
number fu r the r  o n  they. begin t o  detach and form a s t r e e t  of disturb- 
a c e s  behind-the bodyD The corresponding process takes place i n  a 
Small scale  f o r  bodies'with dis twdances on the s'wfaces- and t h i s  
is- the contents o f *  S c h i l l e r ' s  hypotfiesis, Similarly the c r i t i c a l  
a-nvber . 

3 .  1 

\. 

* ,  
-. 
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I ,  ' (5) ' Yk e 

1 %*= - v. _ *  

a 

' i s  then charac te r i s t ic  i n  t h i s  csse with a given l e v e l  o f  d i s -  
turbanca k, \ i s  proportional t o  the veloci ty  i n  the boundary 
layer: at the distance 'kt frola the. wall immediately befqre the point 
of disturbance,  

- 

. 



. .  G 0.1 6 s t e- i u [37] investigated the relation 
e 

r .  

-10 detail, where 

means the so-cal led  ftv6ilocity ,of the skin friction'', As is easily 

- in the linear p a r t  of  the laminar boundary layer profileo He found 
. seen, the relation ' ( 6 , )  ,holds identically as far as % is still 

that (6) too, holds, with goad.approximation for distaaces k f r o m  
the wall outside the ' linezr part 

hypothesis and t o  choose the value R$ t o  be calculated more con- 

turbances, In order toecalculate the velocity of the skin  friction 
v 

, well-known calculating method f o r  laminar boundary lagers according 
' *  ta Pohlhausen, Thus agcordhg t o  T a n i [39] Schiller's hypothesi5 

since the terms ' of correction 
'first are very small, We are therefore a l lowed to f o l l o w  SchillePds 

, *veniently instead Df RUk as'critical R-number for surface dis- 

* . '  at; any point o f  the body we c& f o r  instance ;&e use of  the , 

. yielgs  the explicit formula 1 ¶ 

. .  

I - I _  c 

. (7) . 
, -  

* .@ * - 0 ~ 7 5  
. '  'k - ' = T-R, Rk 

a 

!the expression A has been introduced, since it does n o t  depend 
on th8 R-number but o n  the cont&c of the body ody, Here h is 

. t h e  well-kzown shape parameter of the laminar bovumdary layer ac- 
cording to Pohlhausen, U the local velocity, and SI the evolution I 

along the. contour beginning at the stagnation point, These quaEp- 
tities are made non-dimensional by the velocity of the incident 
f l o w  or' a suitable length, respectivelyo * 

. . .  .If we enlarge-the left-hand side of' (7) to'RI(R and mul-biply- ' 
t 

, -  Eq,(7) by v9 we obtain - .  
1 1  * .  . 

~ 

0 .-  (9). . - = -  % \* , R  - 0 0 2 5  - 
pl + '  A .  8 

-' I 



which r e s u l t s  froi : l . (7]  ar ( C ; ' ) ,  ins tat ld  of f r o m  the ine4u;Lit; ( 4 ) ;  
(the degreee Qf turbulence is i i s s u m d  t o  be zero) ,  

. .  The quantity A i 'u ,'iven by (8 )  is a rueaswe of l o c a l  sensi- 
+- : t ivi ty  of the behaviour  of: t h e  laminar boundary l a y e r  t o  surface 

. kisturbances; f o r  accordin,  i;c : T j )  t h e  admissible l e v e l  of dia-hm- 
bance k i s  :greater, the  sr-alier i r i , 3 i L e 1  ZLGW the curva o f  A(s) 
for two e x a i > ~ i s ~  v i z , ' f i ? r  tile f l u t  ::late 213 fir an ellipticai 

kreater axis, Tile ~ a ~ t a r  wa3 cilosari-, since , ti;? ,calculation accord i -q .  

c a l c u l a t i a a  had on12 ta be sor:e~;ihat comple-bed uear the stagnatittn 
point: The abscissa is r e f e r r e d  t o  half t h e  circumference i n  the- 
cas,e of the e ; ; l i n d s  2nd -so t i i z  chord in tha  case ,of the plai;e, ,Thj 

. calcLclati3'n o f  1; far <GS 2lac alate c m n o t  be si,sply nade accordin3 
. to (8) owing t o  $lie iniietezxinate dxpesuion (A = 0, dU,/ds =-0) in 

* (8 )  e .The d i r e c t  + c a l c u l a t i o n  by mxm,s of, B l a ~ i u s  

r 

.* cylinder of t i i d  thickness. ratip 3 : 3  i:i 5 r'la:v paralf_el ' t o  i t s  

I to P o h 1 h a' u s e L xzsj ~ t l r e r z d j  ava i ia 'u la  f I3r  it [36] This e 

f orniula Gives 

(?if ' ' ,< = 3,576- f i k '  -Oe25 - 
- x 

- i  (balid for t h e ,  f l a t  plats), 
- .  ' comparing (7) w i t i i  1 1  I m'-obtain . a 

# 

(12)  
0,576 . .  

*I 

. 
- *  *= -m= ' 

,%As is seen, the behaviow of h in both cases ok Figel i s ' q u i t a  .if- 
( v a l i d  f o r  the flat plate), 

f e ren t  for s m a l l .  vditles o f .  s:  whereas. . the  X-curve f o r  t h e  f l a t  
piats-shows an unlimited. rise. for. s--O, A reaches a ixaximu value 

' at about 3 = O b 0 5  f o r  the e l l i g t i c a l  cjl ' inder,  then it  drop3 t o  
zero for 8-0 - *  obviously flue i o  tiie stabnation po in t ,  .;!e can ob- 
vious ly  general ize  t h i t  resul t '  obtained ,Po?.' the i Jk l i ;3 t icC cy I i rAes 



, .  

by saving: Any body w i t h  a s-tagnatioxr point i n  f ron t  has a point 
of' g rea tes t  s ens i t i v i ty  'to disturbances o f  the laminar boundary 
layer  on i t s  upper as well as o n . i t s  lower s i d e ,  The sens i t i v i tx  
chjiefly decreases upstream,this p o i n t  due t o  the decrease of the 
potential veloci ty  towards tire stagn*ation p o i n t  and downstream that 
point it decreases'due t o  the increase of the boundary laysr thick- 
ness, As is; seen f r o m  the veloci ty  distribution U ( s )  girven in  
2igpt., the'maximum sensitiwit;y does not coincide w i t h  the maximum 
.velocity, but is reached much earlier, As we can l earn  f rom the 
comparison w i t h  the l imi t ing  caae of the f la t  plate ,  the maximum , 
sensiWvi€y assum& hrie;her and higher values and moves towards 
smaller abscissae the smallax- the  thickness, 

in any case w i t h  given pressure d is t r ibu t ion  of  the t e s t  body, 
whereas the secoid value %*. required according to" Eq,(Z) f o r  the 
ca lcu la t ion  o f  the admissible l e v e l  of disturbance, has t.o be' . 

8 

r( 

' 

. 

The meaeure of s e n s i t i v i t y  A can be determined ntimerically 

determined' by experiments, . -  . .  * 

4*33 Tests an Bodies w i t h  Surface Disturbances, 
h0.33b Tests w i t h  Single Disturbances, 

three dis-Eurbing wires of di f fe ren t '  thicknesses, He forms %he mean 

. . -  
F 

!I! a n 2. [$I] has carried out tests bn a flat plate w i t . h  

f rom h i s  results of  measurement, Le t  us give d e t a i l s  of? !Pa.nits 
'measuking method, This instrument f o r  measuring the transition 

r .  ioint, a Pi-t;oB tube near the w a l l ,  was.krrange.d at a f-ed d i s t a a c e  
(700 mm) from the leading edge of the p la te ,  . A  dist inrbing w i r e  
.'transuerse t o  the ,d i rect ion of flow- along the surface 'of the plate 
was subsequently arranged at, di f fe ren t  points i n  f ront  of  thB 
Pirtot tuba, The veloci ty  of the incident f l o w  was then increqsed 
in. each case as far as the total-pressure r i s e  characterizing the 
.transition. was indicated by the P i t o t  tube, 

of the behaviour of  the laminar boundary iayer  as against surfaca 

small a di.st&bance hut advances suddenly t o  the d i s tu rb ing  point,  
when the e f f i c i en t  level. of  disturbance i s  reached, If the transi- 
%$all ROiLt, klOf'i@VEf , iLOXY3d &,X'&dUE%?,lg . SSS cwntki iously f rom 233 

. 

. This experirnental method only gives suf f ic ien t  parti-culara 
* 

dis%urbances\ i f  the t r ans i t l ou  point keeps i t s  posit ion f o r  t o o ,  $ 
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. .  
. *  original position towards the leadwg'-edge -of 'the plate when 

4 'tending t o  approach the c r i t i c a l  d i s t u r b a h e  vaLuet T a n - i  a 
'-measurements wauld be incomplete: For  i n  %his case the nwnerical 

. -  

t 
, value R$ = 13 obtained by, him holds . I  on* f o r '  the a rb i t r a ry  posi-  

, t i on  of the instrument f o r  measuring the t r ans i t i on  p o i n t  and woul3 
vary y4th the p o s i t i o n  of  the iiistrurnent, The l a t t e r  f a c t  rea l ly  
seems t o  prove r igh t  according t o  measurements uade by. 3 c h' e r - 
b a r t h *  [ 4 ~ ]  

-d&tqr%ing bodies from the l&dingedE;e  o f  t he ,p ln t e  and detexkined 
the ,posi t ion o f  tha t rans i t ion  point f o r  different v s loc i t i e s  o f  
the' incident flow by means of  a s l i d i x i g  P i t o t  tubgo 3 e  used sheet 

* This fact w i l , l  , hard ly  influence thq resuPtso 

* 

Scherbarth used a f i m d  distance (500 mi) o f  the 
C '  
. 

I ,  

. I  . metal s trkps  20 m.1 in width as disturbing bodies instead of  wires, 
i i -. 

To compare T a n i s and 3 c h e r b a r t h s r e s u l t s  
of  xneasurgment '(:te calculate bg interpolat ion tilose leve ls  o f  

, Piaturbances k f rom 3cherbarth's curves f0r which %he t rans i t ion  
taks place a t  a distancesof 708 m from the leading edge o f  the 
plaie - ( i p e ,  t h e  loeation of  'rani's rneasurements o f  the t rans i t ion  

and plotting the  assoc ia ted  R:-values against 
- 

' point) ,  D o i n g  
. the leve l .  of distafbance.k,  we obtain Figo2. Hence the result i s  

F . no con3tant value for: R L  ' bu t  a curve ,i;hich decreases.with the l e v e l  
I of disturbance IC, The waye however; i n  which I S c h e r b a r t h 

- '  ' measured the  l e v e l  o f  d i s t u r > b m c a  of .the sheet metal s t r i p s  i s  not  
knowne We canrconclude with some car ta in ty  f r o m  the smooth nwnerica3 
values f o r  k that  he has sfmply taken the thicgnesses of the Sheet 
netal strips as leve ls -of  disturbances, I n  real i - ty ,  glues and i r r e -  

' g u l a r i t i e s  o f  the  s t r i p s  surfaces w i l l  have caused a considerable 
increase o f  the e f fec t ive  leve l  of  aisturbance, ,es$ecially with 
thinner s t r i p s ;  In t h i s  case the aeasuring points (Fige2) svhich are 
t o o  low-would r ise  along a vector drawn from t h e  origin s o  t h a t  the 
hypothesis Rk = 
explanation-of the  decrease o f  Rk* w i t h  k: The value! of R c  has o n l y  
the character o f  a - l i m i t  o f  s t a b i l i t y  above 5.:hicli the t r ans i t i on  
takes place a f t e r  running through a more o r  l e s g l o n g  sone of exci- 
t a t ibn ,  F o r  reasons of  simili tude the zone of exci ta t ion would then 

-. be -shorter , f o r  small level's o f  disturbance than for great .  one's.. I n  
order t o  m&k t he  l i m i t  o f  s t a b i l i t y  the goinfs'(FiL,2) associatea 
to , smal l  l eve ls  of disturbance k had t o  move dovmmrds a l i t t l e  

-whereas those associated t o  greater  'levels of disturbance k had t o  
-move ddwn-rvards a correspondingly grea ter  d i s t a n c e  s o  tha t  the &y- 

, 

I 

I 

\ * .-* 0 

consto would still be justcf ied.  There i s  another 

r" 

I .  

/ 

\ 

. 

I 
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pothesis Rk - =  const, would be justified, too, The f$nal decision, 
however, must be reserved to exacter measurements, 

Xeasurements of the transition point on disturbing wires were 
' also made for aerofoils [jg] obtained the value R: = 13 
for a symmetrucal laminar profile. His masuring method corresponded ' 

. t o '  that described for the flat plate, Gem= meawrements [2] made 
according to the same method gave values of $* between 9 and 14, 
on ah average 11, The measurements also confirmed the exi 
a sensitivity curve as shown in Fig.1; the disturbing wire showed 
sones in the forward and in the rear part of the aerofoil profiles 
:ip which it did not yet disturb'the laminar boundary layer in the 

' cqse of the applied velocity of the hide(r;t flow,..Tani's measure- ' 
-mnt dfd not cover profile zones sufficiently far in front in order 
to'confirm similar conditions, The German'measurements w i t h  
.disturbing *res p; 48) are no measurements of transition points 
but drag measurementsb From all of them results the 'familiar fact 

wires are so far in front on the profile that they do not only cause 
' an increase of the turbulent drag component but they cause a forward 
displacement of the transition point, too, Knowledges surpassing the 

, familiar facts on the sensitivity of the laminar boundary layer can- 
' not be obtained from %hem thus they need not.be taken into con- 

* 6 

T a n i 

. 

. 

. that the drag increase is particular peat when the disturbing 

6 

z 

? . 
/ 

sideration here, 

, Besides the disturbing bodies in two-dimensional flow dis- 
cussed so far, the- lateral extension of- g~ point disturbance was 
investigated, t o o  f41; ,423 
resulted a wedge-shaped region of disturbance behind the point of 

number there is a sligiit increase of this angle,'Let us a l s o  olention 
\ the following phenomenon eequently on wind-tunnel models which have 
been exposed to the airstPea.m for 4 considerable tine: The rear 
turbulent part of the test body characterized by an irregular de- - 

position of dust in ziguzag, is evidently limited against the' for- 
ward laminar part, Zig,z&g figures have the above indicated aperture . -  

:. angle, They-are caused by small disturbances incidentally existing 
-on the surface, The turbulence within the regions. of distLnbznce 
o n l y  &es t h e  deposition of dust possible in the airstream, Thus 
we obtain a good survey of the positians of the transition points I 

bn the whole model surface, 

From the measurements on a fla% plate . 
\ 

.' an.aperture an@e of about 14 to 28 degrees, Vith increasing. R- 

, *  I 

J 

. 
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?#e h v 0 . s o  far discussed the influence of disturbing bodies 
1. 

-with fknite level of disturbance k on the Iminar boundary 'layer, 
B u t  even in cases where a level of distmbance k does ,not exist - -  

B given point can diskurb the laminar boundary layer,' vi~, when 
the surface shows here a- discontinuity in curvatureo In this case 
-the disturbance is due -to the particulpities of tbe pressure 
distribution occurring at a discontinuity i n  c&vatura, The poten- 
t i a l  theoreticax - investigation of such an irregularities. showed [4q 
that the velocity distribution on the w d X  has here a p o l a t  of 

. . . frif lsctibn wi-trkr .a Cangent 'noma1 to this wail and consequently this 
-velocity distribution still, shews fluctuations near such a p o i n t ,  
Y~oo., These fluctuations fade away rather slowly wXth increas- 

, w a l l  distance, so that a distturbing influence on the laminar 
boundary layer is' still, possible in s p i t e  of the finite 'thickness 
&f displacements, bleasurments on the laminar profize confirmed 
the-fact [I] that a transition can be involved by a discontinuity- 

* 

C . ' 

. - 

. ir hxrvature contour $sed was a circular biangle with a thickness 
horder to o b t a i n  a ro&ndi.ng o f  the  nose, the leading 

h. edge of tbe circular biangle'had been cu t  off and replace& by a 
' small circular arc& Thus a discontriaui-ky in curvature arose a-t,_tha 
- p  ,,joint, viz, the radius o f  curvature referred to the chord suddenly 

... 
, 'ratio 3+1 

m 

4 

* 

", 

varied f r o m  0,02 to 2 * G 0  In c-hrve ( h )  of  Pigs,3 the drag coefficient 
is plot-&$ against the lift coefficient as it resulted from the. 
measurement on th i s  profile, As is seen, the -t;ransiti.on poin ts  on 
both sides are located in f r o n t  in the case of  symmetrr-gcal f l o w ,  
Only with a certain inciaence the t-ransition point moves-backxards 
on the pressure side and w i l l  thus prodCice a decrease of the-drag 
coefficient, This behavio& ccmcfuded from the drag cwve could be 
confirmed by- measurements of the transition ,points, Only a su;f"ff- 
'ciently great positive pressure gradient will consequently counter- 
balance the disturbance due tu the discontinuity:in curvature, 
Cilrve (a) is associated t"o a profile fomned by the sake circular 
'arcs, only the nose radius is altered to. . 1/20 of thateof the above 
profiled The dJscoatinuity in curvature is consequently IO times 
the value' of the -profiX.e of curve (bl0 I t  is located, hpwever, with- 
in the range'of the strong pressure drop due t o  the vicinity of the 
Bta&nration p o h L  Thus the disturbance cannot becorn4 effective in 
th is  case either, By the way, high subpressure peakstnaturally 
'occur $t once on this sharp-nosed grofile even with small incidence, 
Thks the transition poiht quickly moves forwards on the corres- 
p0ndb.g suction side, 

I 

- .  . 

W v e  ( c )  final-ly 'shows the drag carve f o r  
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- the saae circular biangle, apart '  from.the nose which i a  here a 
parabolic  a r c  s o  that the curvatwe of' the contour remains 
ccmtinuoizs, This profile shows the usual behaviour of  laminar' 
p o f i l e s  as described i n  d e t a i l  i n  sect ion 401 

* ' 

. 
We have so  f a r  discussed s ingle  dis twbances of ' the  l u i n  

bomdary layer.' The influence of rou urfaces remains; to be 
investigated, namely surfaces with level$ of' disturbances a t , a t l s t i  
c a l l y  h t r i b u t e d ,  The l eve i  o f  disturbance k ,  therefore, can be 
considered here as s t a t i s t i c  nean val,be only. Ke can l e a r n  from 
former measurements [35] oyf flows through tubes which'were made 
rough.by .means o f  dep,ositians of  sand of  d i f fe ren t  gmir, size . 

- that  t h e  influence of such a roughness on t h e  laminar boundary 
layer? w i l l  %be unimportant i n  any case with s m a l l  pressure 'gradiei:<:t 

. ne i the r  the thickness of  the iaminar boundary layer nor i t s  Wan- 
. s i t ion p o i n t  - s e e d o  he considerabl3i, a l t e r e d  as compared with the  
conditions of  the smooth tube,. A receqlt measurement [49] concerning 
the influence of roughness on the Imfiinar,boundary layer was made 
on a f l a t  .plate the surface of  which was subs.equently past-ed o v e r  
wi%Lp sand paper o f  d i f fe ren t  roughnesseso Fig,Q w a s  obtained f r o m  
the measurements of the t r ans i t i on  po in t  6 

1 Zcrit, 

I 

- 

- 
. 

I 

i s  the  c r i t i c a l  I 

' thickness of displacement calculated f r o m  the measured position 
, of the t r a n s i t i o n  point and from Blas ius '  fo?nula val id  for the - 

.smooth'$ate, 1 ,The abscissa i s  referred t o  the  c r i t i c a l  thickness 
of displacement on the smooth plate, since the l a t t e r  d i d  n o t  
prove as constant but' as a function of  the R-number, Tihen repre- 
senting the d i s t r iba t ion  of  the measuring points by an average CUIVB 

the p o i n t s  on the r i g h t  side of the f igu remus t  not be taken i n t o  
consideration, since those points say t h a t  the %ransit ion on the 
smoot;h plate  pa r t ly  occurked e a r l i e r  than on the rough plats, Tkis 
i s  explained by the  fac t  t ha t  partly a waviness of  the smooth  p l a t e  
favowing the t r ans i t i on  w a s  reraoved by @as%ing over the roughness 
layer,  partlyran angle of  incidence was included w i t h  a p res su re  
distribution favourable f o r  keeping the laminar conditions on the 

on the t r ans i t i on  poin t  is confirned, A reinarkable infheace .  seen5 
to occur only  with greater  roughnesses o f  the order o f  the thick- 
ness of 3isplacement, and it  w i l l  be 'desirable t o  clear t h i s  by 
further measurements, 

. 

, 

' 

. rough side,  In-any case, the mall influence of s m a l l  roughnesses V 

I . .  
~ 
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